Maternal undernutrition around the time of conception is associated with an increased risk of insulin resistance in adulthood. We determined the effect of maternal undernutrition in the periconceptional period (PCUN, i.e., 60 days prior to 6 days after conception) and the preimplantation period (PIUN, i.e., 0-6 days after conception) on mRNA expression and protein abundance of key insulin-signaling molecules as well as the global microRNA expression in quadriceps muscle of singleton and twin fetal sheep in late gestation. In singleton fetuses, exposure to PCUN resulted in lower protein abundance of PIK3CB (P , 0.01), PRKCZ (P , 0.05), and pPRKCZ (Thr410) (P , 0.05) in skeletal muscle compared to controls. In PIUN singletons, there was a higher protein abundance of IRS1 (P , 0.05), PDPK1 (P , 0.05), and SLC2A4 (P , 0.05) compared to controls. In twins, PCUN resulted in higher protein abundance of IRS1 (P , 0.05), AKT2 (P , 0.05), PDPK1 (P , 0.05), and PRKCZ (P , 0.001), while PIUN also resulted in higher protein abundance of IRS1 (P , 0.05), PRKCZ (P , 0.001), and SLC2A4 (P , 0.05) in fetal muscle compared to controls. There were specific patterns of the types and direction of changes in the expression of 22 microRNAs in skeletal muscle after exposure to PCUN or PIUN and clear differences in these patterns between singleton and twin pregnancies. These findings provide evidence that maternal undernutrition around the time of conception induces changes in the expression of microRNAs, which may play a role in altering the abundance of the key insulin-signaling molecules in skeletal muscle and in the association between PCUN undernutrition and insulin resistance in adult life.
INTRODUCTION
A series of epidemiological and experimental studies have demonstrated that maternal undernutrition during early gestation in the rodent, sheep, and human may alter fetal growth patterns and have long-term consequences for metabolic and cardiovascular health in later life [1] [2] [3] [4] [5] [6] [7] [8] [9] . The critical period during which exposure to poor maternal nutrition can result in altered metabolic or other adult health outcomes is unclear. In the sheep, exposure to maternal undernutrition from 60 days before to 30 days after conception resulted in a decrease in the insulin and glucose responses to a glucose tolerance test in lambs at 10 mo of age [10] . Interestingly, in this study, the effects of exposure to maternal undernutrition during this early period were more pronounced in singleton than in twin offspring. These studies suggest that the periconceptional period (PCUN, i.e., at least 2 mo before to 1 wk after conception) may be a critical window during which exposure to poor maternal nutrition may alter adult metabolic health. It is not known, however, whether exposure to maternal undernutrition around the time of conception has specific effects on the programming of the insulin-signaling pathway in tissues of metabolic importance such as skeletal muscle and why the consequences of maternal undernutrition during the PCUN are influenced by embryo number.
Skeletal muscle is the main organ responsible for 75% of postprandial glucose uptake from the circulation [11] . Glucose uptake by skeletal muscle is regulated by insulin signaling through activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB) and v-akt murine thymoma viral oncogene homolog 2 (AKT2) pathway [12, 13] . Resistance to the actions of insulin in skeletal muscle results in a decrease in glucose uptake, which can in turn contribute to the development of hyperglycemia. Insulin acts through the insulin receptor (INSR) that is stabilized by caveolin 1 (CAV1), a 22 kDa caveolae protein, resulting in subsequent activation of INSR substrate 1 or 2 (IRS1, IRS2) and PIK3CB, and leading to the phosphorylation and thus conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3). Conversion of PIP2 to PIP3 is negatively regulated by the phosphatase and tensin homolog (PTEN). PIP3 activates 3-phosphoinositide-dependent protein kinase 1 (PDPK1) and/or AKT2, resulting in the activation of the protein kinase C zeta (PRKCZ) and/or the TBC1 domain family member 4 (TBC1D4, also known as AS160). Phosphorylated PRKCZ and TBC1D4 each play a major role in the translocation of the solute carrier family 2 (facilitated glucose transporter) member 4 (SLC2A4) to the plasma membrane to facilitate glucose uptake into skeletal muscle [14] . However, in fetal life, glucose uptake into skeletal muscle is primarily maintained through the activity of the insulinindependent SLC2A1 [15] .
Recent studies have shown that programmed changes of microRNAs (miRs) may underlie the programming effects of the early nutritional environment on the metabolic phenotype [16] [17] [18] [19] . MicroRNAs are small (;22 nucleotides) species of noncoding RNA that act as posttranscriptional regulators resulting in translational repression or degradation of the target mRNA [20] . Dysregulation of the expression of specific miRs, for example, miR-103, miR-107, miR-29a/b/c, and let-7 family in the liver, muscle, and/or fat has been shown to result in a number of features of the metabolic syndrome and type-2 diabetes in a range of in vivo and in vitro experimental models [21] [22] [23] .
It is not known, however, whether there are specific effects of maternal undernutrition in different time windows during the period around the time of conception that result in the programmed changes of miRs regulating the expression or abundance of the insulin-signaling molecules in skeletal muscle and therefore underlie the programming effects of the early nutritional environment on the subsequent metabolic phenotype. In the current study, we have therefore investigated the separate effects of maternal undernutrition in the PCUN (i.e., 2 mo before and 1 wk after conception) or the preimplantation period (PIUN, i.e., 1 wk after conception) on the expression and abundance of the insulin-signaling molecules in the skeletal muscle of the fetal sheep in singleton and twin pregnancies. In addition, we have determined the impact of PCUN or PIUN on the expression of miRs in skeletal muscle using next-generation small RNA sequencing.
MATERIALS AND METHODS
All the procedures were approved by The University of Adelaide Animal Ethics Committee and by the Primary Industries and Resources South Australia Animal Ethics Committee.
Nutritional Management
South Australian Merino ewes were fed a diet that consisted of lucerne chaff and pellets containing cereal hay, lucerne hay, barley, oats, almond shells, lupins, oat bran, lime, and molasses (Johnsons & Sons Pty. Ltd., Kapunda, South Australia, Australia). Eighty percent of the total energy requirements were obtained from the lucerne chaff (8.3MJ/kg metabolizable energy, 193 g/ kg of crude protein, and 85% dry matter) and twenty percent of the energy requirements from the pellet mixture (8.0 MJ/kg metabolizable energy, 110g/kg of crude protein, and 90% dry matter). All the ewes received 100% of nutritional requirements to provide sufficient energy for the maintenance of a nonpregnant ewe as defined by the Agricultural and Food Research Council in 1993.
At the end of an acclimatization period, ewes were randomly assigned to one of three feeding regimes: 1) control ewes (n ¼ 12) received 100% of their nutritional requirements from around 60 days prior to mating until 6d after mating; 2) PCUN ewes (n ¼ 13) received 70% of the control allowance from approximately 60 days prior to mating until 6 days after mating with all of the dietary components being reduced by an equal amount in the restricted diet; and 3) PIUN ewes (n ¼ 9) received 70% of the control diet from mating until 6 days after mating with all of the dietary components being reduced by an equal amount in the restricted diet. From 7 days after conception, all ewes were fed 100% of their nutritional requirements.
Mating and Pregnancy
Ewes were released in a group every evening with rams of proven fertility that were fitted with harnesses and marker crayons. Ewes were individually housed the following morning, and the occurrence of mating was confirmed by the presence of a crayon mark on the ewe's rump. The day of mating was defined as Day 0. Ewes were weighed weekly after commencing the feeding regime until postmortem at 136À138 days of gestation. Pregnancy and fetal number were estimated by ultrasound between 40 to 80 days of gestation.
All the ewes (n ¼ 34) were humanely killed with an overdose of sodium pentobarbitone between 136 and 138 days of gestation, and the uteroplacental unit was delivered by hysterotomy. Fetuses (singleton: controls n ¼ 6, PCUN n ¼ 8, PIUN n ¼ 3; twin: controls n ¼ 11, PCUN n ¼ 8, PIUN n ¼ 11) were weighed and killed by decapitation. Samples from the fetal quadriceps were collected from the rectus femoris muscle bundle beneath the perimysium and snap frozen in liquid nitrogen. Samples were then stored at À808C for further molecular analyses.
Quantification of mRNA Expression
RNA was extracted from ;70mg of quadriceps muscle tissue using Trizol reagent (Invitrogen, Groningen, Netherlands) from singleton and twin fetuses ( Table 1) . RNA was purified using the RNeasy Mini Kit (Qiagen, Basel, Switzerland). The quality and concentration of the RNA was determined by measuring the absorbance at 260 and 280 nm, and RNA integrity confirmed by agarose gel electrophoresis. Complementary DNA was synthesized using the purified RNA and Superscript 3 reverse transcriptase (Invitrogen) with random hexamers.
The relative expression of mRNA transcripts of INSR A and B subtypes (INSRA, INSRB), IRS1, IRS2, PIK3 regulatory subunit 1 (alpha) (PIK3R1), PIK3CB, PRKCZ, SLC2A1, SLC2A4, and the housekeeper gene peptidylprolyl isomerase A (cyclophilin A) (PPIA) were measured by quantitative real-time reverse transcription PCR (qRT-PCR) using the Sybr Green system in an ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA).
Primer sequences were validated for use in the sheep in this (Table 2 ) or in prior studies [24] . Each amplicon was sequenced to ensure the authenticity of the DNA product, and a dissociation melt curve analysis was performed after each run to demonstrate amplicon homogeneity. Each qRT-PCR reaction well contained 5 ll Sybr Green Master Mix (Applied Biosystems), 2 ll primer (forward and reverse), 2 ll molecular-grade H 2 0, and 1 ll of cDNA (50 ng/ll). Controls for each sample containing no cDNA were also used to confirm the TABLE 1. Number of animals from each treatment group in singleton and twin pregnancies used in each set of analyses.
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absence of DNA contamination. The cycling conditions consisted of 40 cycles of 958C for 15min and 608C for 1min. The abundance of each mRNA transcript was measured and expression relative to PPIA was calculated using the comparative threshold cycle (C t ) method (Q-gene qRT-PCR analysis software), which provides a quantitative measure of the relative abundance of a specific transcript in different samples and which takes into account any differences in the amplification efficiencies of the target and reference genes. The C t value was taken as the lowest statistically significant (.10 standard deviation [SD]) increase in fluorescence above the background signal in an amplification reaction.
Quantification of Protein Abundance
The protein abundance of INSR b-subunit (INSRb), CAV1, IRS1, PIK3R1, PIK3CB, PTEN, AKT1, AKT2, total pAKT (Ser473), PDPK1, pPDPK1 (Ser241), PRKCZ, pPRKCZ (Thr410), SLC2A1, SLC2A4, TBC1D4, and pTBC1D4 (Thr642) were determined using Western blot analysis. Briefly, quadriceps muscle samples (;200 mg) from singleton and twin fetuses (Table  1) were homogenized in 800 ll of lysis buffer (50 mM Tris-HCL, pH 8.0, 150 mM NaCl, 1% NP-40, 1 mM Na 3 VO 4 , 30 mM NaF, 10 mM Na 4 P 2 O 7 , 10 mM ethylenediaminetetraacetic acid, and 1 protease inhibitor tablet) and centrifuged at 12 000 3 g at 48C for 15 min to remove insoluble material. Protein content of the clarified extracts was quantified using bicinchoninic acid protein assay. Prior to Western blot analysis, samples (10 lg protein) were subjected to SDS-PAGE and stained with Coomassie blue reagent (Thermo Fisher Scientific, Rockford, IL) to ensure equal loading of the proteins.
Equal volumes and concentrations of protein were subjected to SDS-PAGE. The proteins were transferred onto a polyscreen polyvinylidene difluoride hybridization transfer membrane (PerkinElmer, Waltham, MA) using a semidry blotter (Hoefer Inc., Holliston, CA). The membranes were blocked with 5% bovine serum albumin in Tris-buffered saline (pH 7.6) with 0.1% Tween-20 at room temperature for 1 h and then incubated overnight with primary antibody against INSRb, PRKCZ, and SLC2A1 (diluted at 1:200; Santa Cruz Biotechnology, Santa Cruz, CA); CAV1, PTEN, AKT1, AKT2, total pAKT (Ser473), PDPK1, pPDPK1 (Ser241), pPRKCZ (Thr410), TBC1D4, and pTBC1D4 (Thr642) (diluted at 1:1000; Cell Signalling, Danvers, MA); IRS1 and PIK3R1 (diluted at 1:500; Merck Milipore, Billerica, MA), PIK3CB (diluted at 1:500; Epitomics, Burlingame, CA), and SLC2A4 (diluted at 1:500; Abcam, Cambridge, United Kingdom). Membranes were washed and bound antibody detected using anti-rabbit or anti-mouse (Cell Signalling) horseradish peroxidase-conjugated secondary immunoglobulin G antibodies at room temperature for 1 h. Enhanced chemiluminescence reagents SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and ImageQuant LAS 4000 (GE Healthcare, Rydalmere, New South Wales, Australia) was used to detect the protein:antibody complexes. AlphaEaseFC (Alpha Innotech Corporation, Santa Clara, CA) were utilized to quantify specific bands of the target proteins.
MicroRNA Expression
MicroRNA data were obtained using next-generation small RNA sequencing as described previously [25] . Briefly, total RNA was prepared from ;25 mg of quadriceps muscle samples (Table 2 ) using TRIzol reagent. Libraries were created with the NEBnext small RNA kit and sequenced using a SOLiD 5500 next-generation sequencer (Applied Biosystems). Reads were mapped using Applied Biosystems Lifescope software (default settings) against human hg19 and cow UMD3.1 genomes. Precursor miRs were defined by the genomic coordinates as defined by miRBase v18, and processed miR counts were counted from reads that started within 3 nt of the sequence defined by miRBase.
Statistical Analyses
Messenger RNA expression and protein abundance. All the data are presented as mean 6 SEM. Data within a treatment group that were more than two SD above or below the mean level of expression for the group were excluded from the data set. All the data were analyzed using the Statistical Package for the Social Sciences Software (SPSS Inc., Chicago, IL). Two-way analysis of variance (ANOVA) was used to determine the effects of maternal nutritional treatment (PCUN and PIUN) and fetal number (singleton or twin) on mRNA expression and protein abundance in the quadriceps muscle. When there was an interaction between the effects of nutritional treatment and fetal number, data from singletons and twins were split and the effects of nutritional treatment determined using a one-way ANOVA. The Duncan post hoc test was used to determine the level of significant difference in mean values between nutritional treatment groups. A probability level of 5% (P , 0.05) was taken as significant.
MicroRNA expression. To identify miRs altered by either PCUN and/or PIUN and to identify changes in the miRs expression between the singleton and twin fetuses, a threshold for a fold difference of expression of miRs between the PCUN or PIUN treatment groups relative to controls was set at .1.5 or ,0.67 with a threshold of .1000 reads/10 6 or at .1.2 or ,0.83 with a threshold of .10 000 reads/10 6 where the relative standard deviation was ,50% among animals within a treatment group. Selected miRs based on these criteria from data mapped to the human miRBase were then cross-checked with the corresponding miRs mapped to the bovine miRBase. MicroRNAs were then selected as high-confidence candidates.
Proteins within signaling pathways targeted by the candidate miRs were analyzed using DIANA-mirPath (Targetscan 5) [26] . Candidate miRs were then analyzed using Targetscan to identify 8mer, 7mer-m8, or 7mer-1A match between the seed sequence of the candidate miRs within the 3 0 untranslated regions of the putative mRNA targets within the insulin-signaling pathway that are conserved across species.
RESULTS
Fetal Weight and Crown-Rump Length
There was no effect of either PCUN or PIUN or fetal number on fetal weight (singletons: controls ¼ 4. Table S1 ; all the supplemental data are available online at www.biolreprod.org). The protein abundance of the INSRb, CAV1, PIK3R1, PTEN, AKT1, phosphorylated AKT (Ser473), TBC1D4, phosphorylated TBC1D4 (Thr642), and SLC2A1 was also not different between treatment groups (Supplemental Table S2 ). The protein abundance of IRS1 was higher (P , 0.05) in the PCUN and PIUN groups and the abundance of SLC2A4 in skeletal muscle was also higher (P , 0.05) in the PIUN group compared to controls in both singleton and twin fetuses (Fig. 1) .
Singletons. The protein abundance of PIK3CB, but not AKT2, was lower (P , 0.01) in skeletal muscle in the PCUN group compared to controls (Fig. 2) . The abundance of PDPK1, but not phosphorylated PDPK1 (Ser241), was higher (P , 0.01) in the PIUN group compared to controls (Fig. 3) . The abundance of PRKCZ was lower (P , 0.05) in the PCUN and PIUN groups, but the abundance of phosphorylated PRKCZ (Thr410) was only lower (P , 0.05) in the PCUN group compared to controls (Fig. 3) .
Twins. The protein abundance of PIK3CB was not different in the PCUN and PIUN groups, however, the abundance of AKT2 was higher (P , 0.01) in the PCUN group compared to controls (Fig. 2) . The protein abundance of PDPK1, but not phosphorylated PDPK1 (Ser241), was also higher (P , 0.05) in the PCUN group compared to controls (Fig. 3) . The abundance of PRKCZ, but not phosphorylated PRKCZ (Thr410), was higher (P , 0.001) in the PCUN and PIUN groups compared to controls (Fig. 3) .
Impact of PCUN and PIUN on Expression of miRs in Fetal Muscle in Late Gestation
Using the stringent threshold criteria defined in Materials and Methods, we found that there was a change in the expression of 22 miRs in the fetal skeletal muscle in either the PCUN or PIUN groups relative to controls ( Table 3) . The expression of a number of miRs (þ1 isomir of miR-126-5p, þ1 isomir of miR-376b, miR-22-3p, þ1 isomir of miR-106b-5p, and þ1 isomir of miR-21-5p) were lower in skeletal muscle in control twin compared to control singleton fetuses, while the expression of the þ1 isomir of miR-369-3p was higher in the control twin compared to singleton fetuses (Table 3) .
Using Targetscan, it was found that a number of the identified miRs had targets in the insulin-signaling pathway (Table 3) . Utilizing the DIANA-mirPath software, it was found that the 22 identified miRs were associated with mitogenactivated protein kinase (MAPK) signaling, axon guidance, adherens junction, regulation of actin cytoskeleton, renal cell carcinoma, chronic myeloid leukemia, transforming growth factor, beta (TGFb) signaling, focal adhesion, colorectal cancer, prostate cancer, wingless-type MMTV integration site family (Wnt) signaling pathway, and most relevant to this study, insulin signaling.
DISCUSSION
We have shown that maternal undernutrition during the PCUN and PIUN periods results in significant changes in the abundance of the insulin-signaling molecules in the quadriceps muscle and that these effects are different in singleton and twin fetuses in late gestation (Figs. 4 and 5) . We have also demonstrated for the first time that exposure to maternal undernutrition around the time of conception results in changes in the expression of specific miRs that may play a role in the programming of the insulin-signaling pathway within the skeletal muscle.
The Differential Impact of PCUN and PIUN on Insulin Signaling in Skeletal Muscle in Singleton and Twin Fetuses
In both singleton and twin fetuses, there was an increase in the protein abundance of IRS1 in the PCUN and PIUN groups and an increase in the protein abundance of SLC2A4 in the PIUN group only. In singleton fetuses in the PIUN group, there was also an increase in the protein abundance of the downstream insulin-signaling factor, PDPK1, which would suggest that in singletons, insulin-signaling capacity as expressed through increased IRS1, PDPK1, and SLC2A4 protein abundance may be higher after exposure to undernutrition during the first week after conception.
In singletons, the protein abundance of PIK3CB and phosphorylated PRKCZ (Thr410) was lower in the fetal LIE ET AL. muscle in the PCUN group and the protein abundance of PRKCZ was lower in both the PCUN and PIUN groups compared to controls. Interestingly, the abundance of PIK3CB and PRKCZ has also been shown to be lower in muscle biopsies in young men who had a low birth weight when compared to their normal birth weight counterparts [27] . Furthermore exposure to maternal undernutrition in the sheep from 60 days before to 30 days after conception resulted in a decrease in insulin sensitivity and glucose tolerance in lambs at 10 mo of age [10] . Thus, while there are some differences between the impact of PCUN and PIUN in singleton pregnancies, it appears that the impact of exposure to undernutrition during the PCUN period is more likely to result in an insulin-resistant phenotype while exposure to undernutrition during the first week of embryo development is more likely to result in a more insulin-sensitive phenotype in adulthood. One interesting possibility suggested by our previous studies in skeletal muscle of the intrauterine growthrestricted rodent and lamb is that exposure to poor nutrition in utero may result in an early dominance of the effects of upregulation of insulin-signaling molecules before the emergence of the effects of downregulation of the downstream insulin-signaling pathway [24, [28] [29] [30] .
The impact of maternal undernutrition in the PCUN and PIUN periods was different in twin compared to singleton fetuses. In twin fetuses, there was an increase in the protein abundance of IRS1, AKT2, PDPK1, and PRKCZ in the PCUN group, and an increase in IRS1, PRKCZ, and SLC2A4 in the PIUN group. One possibility is that the early hormonal environment of the twin pregnancy results in the programming of increased, rather than decreased, insulin sensitivity in fetal muscle in response to maternal undernutrition. Programming an increased sensitivity to insulin would act to maintain muscle growth in the context of a predicted fetal environment in which substrate supply is limited as occurs in a twin pregnancy.
It has previously been shown that twin lambs have a greater muscle depth at 1.5 yr of age and are more insulin sensitive at 2.5 yr of age compared to singletons [31] . It is also interesting that in sheep, exposure to maternal undernutrition from 60 days before to 30 days after conception has a greater adverse impact on the insulin and glucose responses to a glucose tolerance test in singleton than twin postnatal lambs [10] . This suggests that the matching of a lower nutritional environment in early and later gestation in twin pregnancies may result in an enhanced, rather than reduced, insulin-signaling capacity in skeletal muscle, at least in the young adult animal.
EARLY NUTRITION AND INSULIN SIGNALING IN MUSCLE
The Selective Effect of PCUN and PIUN on miR Expression in Skeletal Muscle in Singleton and Twin Fetuses
In this study, we have shown that PCUN and PIUN have differential effects on the expression of at least 22 miRs in fetal skeletal muscle and that these effects are in turn different in singleton and twin pregnancies. In control twins, the expression of miR-126-5p, miR-376b, miR-22-3p, miR-106b-5p, and miR-21-5p was lower and the expression of miR-369-3p was higher in fetal muscle than in control singletons. This suggests that the early hormonal or uterine environment of a twin pregnancy may alter the basal expression of specific miRs within skeletal muscle. This patterning of miR expression in twin and singleton fetuses may be relevant to the pattern of growth and functional development of muscle given that a number of these miRs have identified targets in the insulinsignaling pathway, for example, IRS1 (miR-126-5p), AKT1 (miR-106b-5p), AKT2 (miR-126-5p), PIK3R1 (miR-21-5p and miR-369-3p). One possibility is that in twins the expression of a suite of miRs is suppressed in muscle early in life in order to increase insulin responsiveness and support growth in anticipation of the substrate limited environment of a normal twin pregnancy.
PCUN resulted in a change in expression of 11 miRs in the skeletal muscle of singleton fetuses: there was a higher expression of miR-199b-3p and a lower expression of 10 specific miRs with only two of these miRs (miR-126-5p and miR-376b) having a lower expression in muscle in control twins relative to control singletons. Four of the 10 specific miRs with a lower expression in PCUN compared to control singletons have identified targets in the insulin-signaling pathway, namely, miR-126-5p (IRS1 and AKT2), let-7i-5p (INSR, IRS2, AKT2), miR-125a-5p (INSR, IRS1), and miR27b-3p (INSR). Thus, maternal undernutrition appears to recruit a separate and unique subset of miRs in addition to miR-126-5p and miR-376b.
Seven of the 11 miRs that were different in PCUN compared to control singletons were not different between the PIUN and control singletons. None of these 11 miRs were different in PCUN twins compared to controls, and nine of these 11 miRs were also not different in PIUN twins compared to controls.
There were seven additional specific miRs where the expression in the PCUN twins, but not PCUN singletons, was different compared to controls. Five of these seven miRs have identified targets in the insulin-signaling pathway, that is, miR-30a-5p (IRS1, IRS2), miR-106b-5p and miR-20a-5p (AKT1), miR-30d-5p (CAV1), and miR-369-3p (PIK3R1). There were an additional four unique miRs where the EARLY NUTRITION AND INSULIN SIGNALING IN MUSCLE expression of these miRs was different in PIUN compared to control twins, and each of these miRs also had identified targets in the insulin-signaling pathway, that is, miR-30e-5p (IRS1, IRS2), miR-206 (AKT1), miR-411-3p (AKT2), and miR-21-5p (PIK3R1). Thus, it appears that there are specific patterns of the types and direction of change in expression of miRs present in the skeletal muscle after exposure to PCUN or PIUN, and interestingly, there are clear differences in these patterns in singleton and twin fetuses. A number of the miRs identified on the basis of the response to PCUN or PIUN, namely, miR-126-5p, miR-30a-5p, and miR-30d [16] as well as miR-27b, miR-21, and miR-206 [17] , have each been shown to be altered in the states of insulin resistance, glucose intolerance, and/or type-2 diabetes in adult life. Additionally, insulin signaling is one of the top 12 KEGG pathways collectively associated with the 22 candidate miRs. This suggests that the early programmed changes of these miRs may play a role in the alterations of the protein abundance of factors within the insulin-signaling pathway, independent of gene expression, and may underlie the associations between early nutritional pertrubation and the emergence of adverse metabolic outcomes in adult life.
PCUN and PIUN: Potential Effects of Altered miRs Expression on Muscle Development
Utilizing the DIANA-mirPath software, we also found that these 22 miRs are associated with MAPK signaling, axon guidance, adherens junction, regulation of actin cytoskeleton, TGFb signaling, focal adhesion, Wnt-signaling pathway, and a number of cancers. It is clear, however, that not all of the KEGG pathways found to be associated with these miRs are relevant to the physiology and function of skeletal muscle. Nevertheless, the MAPK-signaling pathway has been shown to play a key role in cell proliferation, differentiation, and cell survival [32] as well as in the maintenance of skeletal muscle mass [33] . Therefore, the recruitment of specific miRs as a result of maternal undernutrition during PCUN and PIUN may lead to changes in myocyte proliferation and differentiation. There was an increase in the expression of miR-21 and miR-206 in the PIUN twins compared to controls; miR-21 has been demonstrated to promote skeletal muscle cell proliferation through the inhibition of PTEN and stimulation of AKT and TGF-b signaling [34] , and miR-206 has also been shown to promote myocyte proliferation, differentiation, and regeneration in skeletal muscle [35] [36] [37] . The findings in the present study may therefore suggest that the changes in miR expression in the PIUN twin group may also have an impact on early myogenesis.
In summary, exposure to maternal undernutrition before and during the first week after conception resulted in a decrease in the abundance of PIK3CB, PRKCZ, and pPRKCZ in skeletal muscle in singleton fetuses. This suggests that there may be a potential vulnerability to insulin resistance in skeletal muscle in later life after exposure to maternal undernutrition during oocyte maturation and early embryo development. In singleton fetuses exposed to maternal undernutrition during the first week of pregnancy alone, however, there was an increase in the abundance of IRS1, PDPK1, and SLC2A4 in skeletal muscle.
Similarly in the twin fetuses exposed to PCUN, there was an increase in the abundance of IRS1, AKT2, PDPK1, and PRKCZ, and in twins exposed to PIUN, there was an increase in the abundance of IRS1, PRKCZ, and SLC2A4, which suggest that in these groups there is a programming of an insulin-sensitive, rather than an insulin-resistant, phenotype. Therefore, the early environment of the twin pregnancy, results in the programming of an insulin-signaling response to maternal undernutrition that may be appropriate in the context 
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of the substrate-limited environment of the twin fetus in later gestation. The differential impact of PCUN and PIUN in singletons and twins may depend on the sensitivity of the embryo to the mismatch between the nutritional environment of the oocyte and the embryo and the hormonal environment of the singleton and twin pregnancy.
PCUN and PIUN each affected the expression of a suite of specific miRs, which were also different in singleton compared to twin pregnancies. Interestingly these miRs have been implicated in the regulation of the insulin-signaling pathway. Additionally, it is possible that these miRs may also play a role in the regulation of myogenesis. Findings from this study demonstrate that poor maternal nutrition during the first week of embryonic development is sufficient to program changes in the insulin-signaling molecules and specific miRs expression, which may underlie the effects of maternal undernutrition around the time of conception on the development of insulinresistant phenotype in adult life.
